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Abstract 

A novel hybrid laser additive manufacturing (LAM) process based on laser shock modulation 
of molten pool (LSMMP) is proposed in this work. By using a combination of experiment and 
simulation, the residual stress, heat transfer, and mass transfer behaviors are comprehensively 
studied. Also, microstructure evolution behavior is analyzed. The relationship between the 
convection behavior, the evolution of microstructure and the enhancement of residual stress 
induced by LSMMP is established. Compared with the traditional post-treatment process, the 
LSMMP assisted LAM process exhibits higher efficiency in residual stress control with the same 
pulsed laser energy input. The hidden mechanism in microstructure evolution and residual stress 
enhancement is expected to be possible related to intensified molten pool convection, uniform 
solute distribution and improved cooling rate induced by LSMMP. The hybrid LAM process 
strategy based on LSMMP provides a new approach for the application of short pulse laser in 
hybrid manufacturing. 
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1. Introduction 


Compared with the subtractive manufacturing process, laser additive manufacturing (LAM) 
process, as a promising process that collect the wisdom of mechanics, materials, machinery, etc., 
presents inherent advantages in direct forming and remanufacturing fields [1-3]. Typical LAM 
process relied on the principle of layer by layer construction brings convenience to the direct 
forming of complex structural components, whereas it also has unavoidable disadvantages, such as 
geometry accuracy [4,5], metallurgical defects [6-8], and residual thermal stress [9,10]. The 
forming accuracy and surface roughness of LAM determine the manufacturing efficiency and 
forming quality of complex parts or dies. Metallurgical defects are generally the leading factor to 
induce the failure of parts, and the existence of residual stress significantly affects the fatigue 
properties of materials. 

Generally, the residual stress determined by the layer-by-layer construction strategy and 
complex thermal history is inevitable in LAM process [11,12]. It has been revealed that the 
residual stress in LAM parts consists of two distinct zones, which are a compressive stress zone 
located in the middle area, and a tensile stress zone in the outer area [13], respectively. The 
residual stress distribution characteristics are related to the parts geometric, the thermophysical 
properties of the raw materials and the deposition path, since they directly affect the solidification 
behaviors of molten pool. Further, the parts geometry and the deposition path affect the residual 
stress by changing the heat transmission and diffusion processes, and thermophysical properties 
primarily influence the phase structure, microstructure and composition distribution, which are 
sensitive to the heat and mass transfer behaviors of molten pool. For example, the study on AISI 
H13 tool steel layers demonstrates that the compressive stresses is severely magnified by the 
martensite phase, which can be alleviated by proper heat treatment [14]. 

In response to the above-mentioned residual stress problem in LAM processes, a variety of 
post-treatment processes, including heat treatment [15], shot peening [16], ultrasonic surface 
mechanical grinding [17], ultrasonic impact [18], ultrasonic surface mechanical rolling [19], 
friction stir [20] and laser shock strengthening peening (LSP) [21-24], have been developed. In 
particular, ultra-high pressure plasma generated by short pulse laser is transmitted to the sample 
through shock wave in LSP process, resulting in ultra-high-strain-rate plastic deformation of 


metals [25]. The implementation of LSP on metals proves that this process can induce the 
compressive stress as well as grain refinement, laying a foundation for the improvement of 
mechanical properties [26-28]. LSP, as an effective post- treatment technology, has achieved 
remarkable effect in residual stress enhancement. However, post-treatment is not conducive to 
process continuity and manufacturing efficiency of AM. Therefore, synchronous hybrid AM 
technology, which is an effective method that can reduce metallurgical defects and enhance the 
microstructure and residual stress of materials without increasing the total manufacturing time, is 
desirable, such as laser metal deposition process assisted with warm ultrasonic impact 
(LMD+WUI) [29], and LAM+LSP [30]. One issue that should be noted is that the core 
mechanism of the existing residual stress control technologies, including WUI and LSP, is to 
utilize the plastic deformation of the solidified surface, which requires a considerable shock 
pressure that exceeds the elastic limit. The shock pressure of LSP greatly depends on the 
restriction effectiveness provided by confinement layer on the laser-induced plasma. 
Unfortunately, it is difficult to lay the confinement layer in the continuous LAM process. Even 
though the above work can be achieved by moving the deposition layer from the AM platform to 
the LSP platform after each layer is deposited, but it is difficult to realize real-time residual stress 
control, and it will still extend the total processing time [31]. Therefore, aiming at the deficiency 
of poor synchronicity and low efficiency in the existing hybrid LAM process, we report a hybrid 
manufacturing strategy that combines LAM and laser shock modulation of molten pool (LSMMP) 
for the first time. Although short pulse laser is a commonly applied energy field in material 
properties enhancement, to our knowledge, there had not been any research on synchronous 
hybrid LAM process based on LSMMP. This method attempts to enhance the structure and 
residual stress of the cladding layer by LSMMP, and moves the pulsed laser irradiation area from 
the solid surface to the fluid molten pool, which can greatly reduce the shock pressure input 
requirements and solve the problem of confinement layer laying. In this paper, the molten pool 
morphology and microstructure of the cladding layers manufactured by LAM+LSMMP are 
studied by experimental observation and numerical simulation, and the distribution characteristics 
of residual stress are also considered. The relationship between the change of the convection 
behavior, the evolution of microstructure and the enhancement of residual stress induced by 
LSMMP is established. Also, the hidden mechanism of LSMMP to achieve the residual stress 
control and microstructure evolution of the cladding layer is discussed. 


2. Experimental 
2.1 Process and experimental design 


As shown in Fig.1(a), the traditional LSP step is performed on the solidified cladding layer 
during LAM+LSP hybrid manufacturing process. In this work, the LAM+LSMMP hybrid process 
(Fig. 1(b)) moves the pulsed laser irradiation area into the liquid molten pool. Specifically, the Fe- 
based cladding layers were fabricated by LAM+LSMMP platform, which consists of a 3kW 
continuous-wave (CW) fiber laser using for LAM, a 3J pulse duration laser for LSMMP, and a 6- 
axis ABB robot arm for scanning track path implementation. The axes of the continuous wave 
laser beam and the pulse laser beam are symmetrically, deviating from the vertical direction by 
+5° and -5°, respectively. The raw material was supplied in the form of preset, and the thickness of 
preset powder was 0.7 mm. To suppress the metal oxidation behavior in the laser additive process, 
high-purity Ar was selected as the shielding gas. The gas feed rate was empirically set to 3 L/min. 
The energy of the CW laser were set as 1500 W. And the processing parameters of pulsed laser 
were as follows: 2 J pulse laser, 5 Hz repetition frequency. The beam diameter of the continuous 
wave laser and the pulse laser spot was 3 mm and 1.3 mm, respectively. The scanning speed of the 
CW laser was set to 4 mm/s. 
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Fig. 1. Schematic diagram of LAM+LSMMP: (a) Traditional LAM+LSP process, (b) 
LAM+LSMMP in this study. 

The LAM+LSMMP experiment was performed on a substrate of commercial AISI1045 steel. 
And acetone and alcohol were selected as detergents to remove impurities from the substrate 
surface. The Fe-based alloy powder (0.5 wt% C, 1.2 wt% Si, 1.6 wt% B, 0.8 wt% Mo, 13 wt% Cr, 
and Fe balance) was selected as the raw materials. The distance between the center of the two 
lasers was defined as the spot spacing, ranging from 0 mm to 4 mm. As a control sample, the 
original coating without laser shock processing was prepared as well. From Fig. 2, the pulsed 
laser radiates completely in the molten pool when the spot spacing is 0 mm, and with the broaden 
of spot spacing, the effective area of the pulsed laser acting on the molten pool becomes 
increasingly smaller. And the case where the spot spacing is greater than 2 mm is equivalent to the 
traditional LAM+LSP hybrid process shown in Fig. 1(a). Thereafter, the above samples were 
denoted as 0 J-0 mm, 2 J-0 mm, 2 J-1 mm, 2 J-2 mm, 2 J-3 mm. The real-time images of molten 
pool morphology during the LAM+LSMMP hybrid manufacturing process were collect by using 
high-speed camera. The specimens (10x10x10 mm?) used for macroscopic morphology and 
microstructure characterization were cut from the cladding layers. The three-dimensional profile 
data of the coatings were recorded by white light interferometer. Microstructure observation was 
implemented by scanning electron microscope (SEM). The residual stress was measured by X-ray 
diffraction (XRD). Finite volume method (FVM) was utilized to simulate the convection 
behaviors and temperature distribution of the molten pool caused by LSMMP. Non-conforming 
mesh was used, and the unit size was also set to 0.4 mm. Residual stress was calculated by finite 
element method (FEM), among which the thermodynamic coupling model of LAM+LPS hybrid 
additive manufacturing process was established. PLANE13 quadrilateral four-node and SOLIDS 
hexahedron eight-node three-dimensional coupled field elements are selected. The overall mesh 
of the model was divided, and the mesh unit size was also set to 0.4 mm. 


(a) (b) (c) © Pulse laser 


@ Continuous wave laser 


Fig. 2. Diagram of spot distribution of continuous and pulsed lasers. 


3. Results and discussions 
3.1 Residual stress 


The residual stress curves of the cladding layers with various spot spacing is plotted in Fig. 
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3(a). The original coating without pulsed laser assistance presents a residual compressive stress of 
332+18 MPa. It is obvious that the cladding layer with a spot spacing of 2 mm exhibits the largest 
residual compressive stress. It is considered that the cladding layer irradiated by the pulsed laser is 
in a mushy zone, which is more prone to plastic deformation than the completely solidified region. 
For the studied conditions and samples, the LSMMP-assisted LAM hybrid process (Spot 
spacing=0 mm, and Imm) has a higher residual stress control efficiency than solid surface 
treatment (Spot spacing=3 mm, and 3mm). The contribution of LSMMP to the compressive stress 
in the upper zone of the cladding layers is significantly reduced, when the spot spacing is greater 
than 2 mm. This phenomenon is generated by the surface state variation of the region acted by the 
pulse laser. As the pulsed laser gradually deviates from the center of the molten pool, the physical 
state of the area of the pulsed laser irradiation evolves from a molten state to a semi-solidified 
state, and then completely changes to a solidified state. Such a sharp increase in surface strength in 
turn weakens the acting effect of the pulsed laser with limited energy. Furthermore, form Fig.3 (b) 
and (c), the compressive residual stress area located in the center zone is contractive, while the 
tensile stress in the substrate shows a decreasing trend. The above results demonstrate the 
effectiveness of the LSMMP strategy, and the hidden mechanism of LSMMP to achieve the 
residual stress control of the cladding layer will be discussed later. 
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Fig. 3. Experimental and simulation results of the cladding layers: (a) Experimental results, (b) 
Simulation results of 0 J-0 mm, (c) Simulation results of 2 J-0 mm. 


3.2 Macro-morphology 


The 3D profiles of single-track cladding layers with different spot spacing are shown in 
Fig.4. It can be found that the most noticeable feature is that the introduction of pulsed laser 
energy fields during AM promotes the formation of perlage on the surface of the cladding layers 
under the condition of small spot spacing (<2 mm). However, the surface morphologies of the 
cladding layers fabricated at large spot spacing (>2mm) is semblable to that of the original coating 
0 J-0 mm, since the pulse laser applied to the surface of metal, which is in the solidified or semi- 
solidified state, causes slight plastic deformation diminutively. The modulate effect of surface 
morphology is closely related to spot spacing, where the achievements of LSMMP on molten pool 
morphology weakens with the increase of spot spacing. 


585 um 


Fig. 4. 3D profiles of cladding layers with different spot spacing: (a) 0 J-O mm, (b) 2 J -0 mm, (c) 
2 J-1 mm, (d) 2 J -2 mm, (e) 2 J -3 mm, (f) 2 J -4 mm. 

The 2D cross-section profiles (Fig.5) of the cladding layers with various spot distance reveal 
the effectiveness of LSMMP to width to height ratio of the molten pool during AM process. Since 
the molten pool bears the complete laser-induced shock wave pressure, Sample 2 J-O mm shows 
the prominent improvement effect. Specifically, compared with the original sample 0 J-0 mm, the 
height of sample 2 J-O mm decreased by about 43%, and the width increased by about 7%. In 
particular, the height of the 2 J-3 mm and 2 J-4 mm samples show only a slight decrease, which is 


consistent with the variation trend of residual stress. 
{a) 700 (b) 700 


PN 
© 
tM 
e] 
> 
S 


600 4 600 4 


5004 5004 


4005 4005 


3004 


w 
e 
= 
633 um 


Height of cladding layer (pm) 
Height of cladding layer (pm) 
Height of cladding layer (um) 


cna Ea vit °] a E a 0] PROP ee 
1 2 3 4 4 6 0 1 2 3 4 5 6 1 2 3 4 5 6 
Width of cladding layer (mm) Width of cladding layer (mm) Width of cladding layer (mm) 
(d) 700 (e) 700 (f) 700 


Height of cladding layer (um) 
Height of cladding layer (um) 
Height of cladding layer (um) 


0 eres CA cael (E ec Wgm A or 3005 pm 
T T T T + T T T T T + T T T T T T T 
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 
Width of cladding layer (mm) Width of cladding layer (mm) Width of cladding layer (mm) 


Fig. 5. 2D cross-section profiles of cladding layer: (a) 0 J-O mm, (b) 2 J-O mm, (c) 2 J-1 mm, (d) 2 
J-2 mm, (e) 2 J-3 mm, (f) 2 J-4 mm. 


3.3 Microstructure evolution 


The cross-section SEM image in Fig.6(a) indicates that the cladding layer exhibits excellent 
forming quality. The typical metallurgical defects, including cracks and voids, are not observed in 
the dense coatings. From Fig. 6(b), It can be found that the Fe-based cladding layers presents 
typical dendritic structure. The enlarged SEM image in Fig.6(c) reveals that the interdendritic 
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region (IR) consists of eutectic phase with a continuous network-shape, and the dendritic region 
(DR) is constituted by residual austenite and lath martensite. This is consistent with the results of 
previous studies [32]. The IR phase is formed by eutectic reaction of austenite and boride, because 
B element tends to segregate and precipitate to austenite grain boundary, which can be proved by 
chemical composition distribution (DR: 38.35 at.% C, 0.39 at.% Si, 1.21 at.% Cr, 0.70 at.% Mo, 
59.36 at.% Fe; IR: 34.41 at.% C, 0.18 at.% Si, 1.90 at.% Cr, 0.73 at.% Mn, 45.03 at.% Fe, 17.75 
at.% B). Additionally, the eutectic borides in Fe-based alloys has a crystal structure of M2B (M is 
Fe, Cr or Mn) [33]. 


Eutectic 
7 


A 
Lath Martensit 
N 


Fig. 6. SEM images of cladding layers: (a) cross-section SEM image, (b) microstructure image, 


(c) Enlarged SEM image. 
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Fig. 7. Cross-section SEM images of the cladding layers along different depths direction: (a)-(c) 0 
J-0 mm, (d)-(f) 2 J-0 mm. 

As shown in Fig. 7, microstructure at different depths along the cross-section of the cladding 
layers are observed comprehensively, to explore the influence of laser shock modulation of molten 
pool in LAM on the solidification process. The observation positions are roughly shown in the 
illustration of the corresponding SEM image. From Fig. 7(a) and (c), both samples exhibit 
columnar dendrites perpendicular to the bonding interface in the bottom area. There is no 
significant difference in the microstructure near the interface implying that the effect of the pulsed 
laser on the morphology modulation and solidification process of the bottom of the molten pool is 
almost negligible. However, the distribution characteristics of the dendrite morphology in the 
middle and top areas of samples 0 J-O mm and 2 J-0 mm are significantly diverse. The adjacent 
eutectic phases in sample 0 J-O mm appear parallel distribution, which is determined by the 
steady heat flow diffusion behavior. In contrast, the eutectic phase in the top and middle areas of 
2 J-0 mm present a disordered distribution characteristic, meaning that the growth behavior of 
grains with preferred orientation is broken by external energy field of the pulsed laser. The 
stability of the front end of the solid-liquid interface in the solidification process is destroyed by 
the molten pool oscillation, which inhibits the directional growth behavior of dendrite. 
Additionally, it is worth noting that the influence of the external energy field on solidification 
behavior is also reflected in the distribution characteristics and phase volume fraction of the 
eutectic. By comparing Fig. 7(b)and (e), or (c) and (f), it can be perceived that the eutectic phase 
with continuous network-shape is transformed into a discontinuous and refined state. The 
calculation results of the volume fraction show that the fraction of the IR at the bottom, middle 
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and upper areas of sample 0 J-0 mm are 6.41%,17.03% and 16.55%, while those in sample 2 J-0 
mm are 6.20%, 10.17%, 9.96%, respectively. It can be found that the influence of LSMMP 
process on the microstructure is mainly reflected in the middle and upper part of the cladding 
layer. It is believed that the change in heat transfer behavior caused by the forced oscillation of the 
molten pool is the critical factor that induces the above phenomenon. It was reported that a slow 
cooling rate is more conducive to the precipitation of borides [34]. Also, we speculates that the 
increase of volume fraction of martensite matrix is related to the increase of cooling rate caused by 
molten pool oscillation [35]. In this study, the LSMMP drives the oscillation of the molten pool, 
which promotes the thermal diffusion process in the middle and upper part of the molten pool and 
increases the solidification rate, thus inhibiting the eutectic reaction and accelerating the 
martensitic transformation. 


3.4 Molten pool flow behavior 


To explore the modulation effect of pulsed laser on molten pool, real-time images of molten 
pool evolution were collected. Fig. 8(a)-(c) record the advancing process of the molten pool of 
sample 0 J-O mm. The liquid droplets formed by laser fusion gradually converge into the plump 
molten pool. Unlike the molten pool features of the initial cladding layer without LSMMP 
process, the pulsed laser-induced bright plasma can be found (Fig. 8(d)). Most significantly, 
pulsed laser can effectively drive the morphological transformation of molten pool from plump to 
flat shape (Fig. 8(e)) depending on the forced vibration of the molten pool actuated by the shock 
pressure. Besides, a slight fluctuation dominated by surface tension was observed in the 3 ms to 4 
ms after the pulsed laser was applied (Fig. 8(f)). Thus, the formation of the perlage and sub- 
perlage presented in Fig. 4(b)-(d) can be explained by the forced fluctuation of molten pool driven 
by LSMMP and the slight vibration dominated by surface tension of molten pool, respectively. 
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Fig. 8. Real-time images of molten pool evolution: (a)-(c) 0 J-O mm, (d)-(f) 2 J-O mm. 

The hidden mechanism of LSMMP to achieve the residual stress control and microstructure 
evolution of the cladding layer is discussed from the perspective of the change of the convection 
state of the molten pool. Fig. 9(a) displays the molten pool without LSMMP (0 J-0 mm) 
assistance. The plump molten pool presents a pair of symmetrical convection rings, which travel 
down the vertical centerline to the solid-liquid interface. And then surging toward the upper 
surface of the cladding layer on both sides. A distinct morphology, where a pit appears in the 
pulsed laser irradiation area, can be observed in the molten pool assisted by LSMMP (Fig. 9(b)). 
Furtherly, there is a significant change in the molten pool convection behavior at the unloading 
stage of the pulsed laser-induced plasma shock wave, especially below-central area of the molten 
pool. It can be found from Fig. 9(c), that the middle and upper area of the flat molten pool forms a 
pair of symmetrical convection rings that is opposite to the flow direction of the 0 J-0 mm (Fig. 


9(a)), while no apparent disturbance flow behavior is observed near the interface. Thus, it is 
expected that the microstructure evolution and residual stress enhancement by the LAM+LSMMP 
may be related to one or both of the following possible mechanisms: (1) The LSMMP process 
intensifies the flow behavior of molten pool, resulting in the increased solidification rate, 
suppressed borides precipitation, and accelerated martensitic transformation processes. (ii) The 
molten pool convection facilitated by LSMMP is beneficial to the diffusion and uniform 
distribution of solute, which reduces the possibility of precipitation at grain boundary. (iii) The 


accelerated martensite precipitation process leads to an increased residual compressive stress [14]. 
CW laser 


(a) 


Fig. 9. Simulation results of molten pool convection: (a) Convection without LSMMP assistance, 
(b) Convection with LSMMP loading process, (c) Convection with LSMMP unloading process. 

In summary, the LSMMP assisted LAM hybrid process transfers the pulsed laser irradiation 
area from the solid or semi-condensed solid metal surface to the liquid molten pool area, and 
obtains more efficient residual stress control effect under fixed low laser energy input conditions. 
Compared with the strategy of improving the shock pressure on the solid surface by increasing the 
pulse laser energy or laying a confinement layer in an inconvenient way, the LSMMP assisted 
LAM process proposed in this study may have lower production costs and total manufacturing 
time. This seemingly simple hybrid process is also expected to be applied to highly brittle and 
easy-to-crack additive materials caused by unfavorable precipitation phases at grain boundaries, 
thanks to the solute convection and uniform distribution promoted by LSMMP process. 


4. Conclusions 


In this content, we attempt to enhance the microstructure and residual stress of the materials 
through the disturbance of the molten pool, and propose a LAM and LSMMP hybrid 
manufacturing strategy. Different from the traditional LSP process, the pulsed laser irradiation 
area is moved from the solid surface to the liquid molten pool. For the conditions and samples 
studied, the LSMMP assisted LAM hybrid process exhibits higher efficiency in residual stress 
control than traditional LAM+LSP with the same pulsed laser energy input. Combined with the 
pool morphology observation and simulation results, it is analyzed that the hidden mechanism in 
microstructure evolution and residual stress enhancement is expected to be possible related to 
intensified molten pool convection, uniform solute distribution and improved cooling rate induced 
by LSMMP. The LSMMP process intensifies and changes the flow behavior of the molten pool, 
increases the solidification rate, inhibits the intergranular precipitation and accelerates the 
martensitic transformation. The proposed LAM and LSMMP hybrid manufacturing process could 
be implemented to control the fluid flow, heat and mass transfer during fusion joining and additive 
manufacturing, which is critical to geometric accuracies, composition distribution, precipitation 
phases, microstructures, stress states and mechanical properties. 
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